Using in situ x-ray diffraction, we have studied the order-disorder phase transition on the Ge(001) surface by measuring the temperature dependence of a superlattice reflection specific to the c(4X2) lowtemperature phase. The results indicate that the transition corresponds to a two-dimensional phase transition with anisotropic interaction energies along and perpendicular to the dimer rows that form the (2 X 1) surface. Due to pinning of the c (4 X 2) domains by defects, we are unable to observe any universal critical behavior. The results indicate that the number of buckled dimers involved in the c (4X2) reconstruction is conserved through the transition. This implies that above room temperature the (2X 1) surface consists of a random array of buckled dimers.
I. INTRODUCTION
The Ge(001) surface is similar to the Si(001) surface and exhibits a two-domain (2X 1) reconstruction, which consists of rows of atomic dimers created through the pairing of nearest-neighbor surface atoms. ' Recently there has been considerable controversy over the exact nature of the dimer, i.e. , whether it is symmetric or asymmetric, and therefore over the amount of charge transfer across the dimer.
The asymmetric dimer has an axis that is inclined to the surface plane: one atom buckles away from the surface and one buckles in. This asymmetry allows for hig. her-order reconstructions, such as p(2X2), c(2X2), and c(4X2), which were predicted on the basis of energy Si(001) and appeared to be a reversible second-order transition occurring over a fairly wide temperature range. '
A similar transition on Ge(001) was observed in a LEED study by Kevan and Stoffel. ' They also observed a metal-insulator transition at the same temperature as the structural transition, using angle-resolved photoemission.
The phase transition appeared to be much sharper than for Si(001) but occurred in two stages: ordering along the dimer rows followed by ordering of the rows with respect to each other. The temperature dependence of the (1.75 0.5) refiection has been described above. We also measured other reflections specific to the c(4X2) phase at 170 K, and the results are listed in Table I . Although the widths of these reflections were consistent with the (1.750.5) peak they were considerably weaker in intensity. For calculation of the in-plane structure factors the Miller index I is set to zero and the unit cell is projected onto the surface plane. In this two-dimensional model an asymmetric dimer is then represented by a shift in the center position of the dimer, relative to the second-layer atoms, along the dimer axis. The shift direction depends on the dimer orientation, i.e. , the shift is in opposite directions for an TABLE I. Measured intensities at c(4 X 2) and c(2 X 4) reciprocal-lattice points at T=170 K. The results are not corrected for instrumental effects but these will only change the relative intensity by 20%, at most, for the reflections shown. The structure factors given by the integrated intensities of superlattice reflections, specific to both the c(4 X 2) and (2X 1) phases, contain information about the local structure of the dimers on the germanium surface. The scattering theory that has been developed to describe phase transitions in AB alloys ' can be adapted to describe the scattering from the Ge(001) surface. If we con- STM (Ref. 9) and LEED. ' Indeed, the boundaries between adjacent c (4 X 2) regions are exactly p(2X2) if the boundaries are parallel to dimer rows. The p(2X2) reconstruction is predicted to be almost degenerate in energy with the c(4 X 2) phase on the Ge(001) surface. Scattering due to p(2X2) structure would appear at (1.5 0.5) and (2 0.5) in the vicinity of the (1.75 0.5) peak.
Although we see no sharp peaks at these positions it is conceivable that very broad scattering could be present, corresponding to very small p (2 X 2) domains ( -10 A).
It is not possible to determine the relative coverages of c(4 X 2) and p (2 X 2) exactly without a structural refinement of the buckled dimer cell. However, the adequacy of the scattering model described above suggests that the coverage of p(2X2) is low. The defects on the surface effectively prevent the complete (2 X 1)~c(4X2) phase transition.
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